Outer membrane proteins (OMPs) serve as the permeability channels for nutrients, toxins, and antibiotics. In Escherichia coli, OmpA has been shown to be involved in bacterial virulence, and OmpC is related to multidrug resistance. However, it is unclear whether OmpC also has a role in the virulence of E. coli. The aims of this study were to characterize the role of OmpC in antimicrobial resistance and bacterial virulence in E. coli. The ompC deletion mutant showed significantly decreased susceptibility to carbapenems and cefepime. To investigate the survival of E. coli exposed to the innate immune system, a human blood bactericidal assay showed that the ompC mutant increased survival in blood and serum but not in complement-inactivated serum. These effects were also demonstrated in the natural selection of OmpC mutants. Also, C1q interacted with E. coli through a complex of antibodies bound to OmpC as a major target. Bacterial survival was increased in the wild-type strain in a dose-dependent manner by adding free recombinant OmpC protein or anti-C1q antibody to human serum. These results demonstrated that the interaction of OmpC-specific antibody and C1q was the key step in initiating the antibody-dependent classical pathway for the clearance of OmpC-expressing E. coli. Anti-OmpC antibody was detected in human sera, indicating that OmpC is an immunogen. These data indicate that the loss of OmpC in E. coli is resistant to not only antibiotics, but also the serum bactericidal effect, which is mediated from the C1q and anti-OmpC antibody-dependent classical pathway.
C
arbapenems are often used to treat serious infections caused by multidrug-resistant strains of Enterobacteriaceae. The spread of carbapenem resistance in Enterobacteriaceae may become a serious problem. In Escherichia coli, there are three major outer membrane proteins (OMPs), OmpA, OmpC, and OmpF, which function as passive diffusion channels for small molecules, like nutrients, toxic salts, and antibiotics. The expression of OmpC and OmpF is regulated by osmolarity (14, 42) , and loss of OmpC or OmpF is related to antibiotic resistance, particularly when combined with production of extended-spectrum ␤-lactamases and AmpC (11, 24, 34) . Previously, we have demonstrated that resistance to carbapenems in E. coli is related to the loss of OmpC expression (23) . The loss of OmpC expression may be due to selection under antibiotic pressure.
OmpA in E. coli is well known as a virulence determinant for increased survival in macrophages, serum resistance, and invasion of brain microvascular endothelial cells (5, 18, 28, (36) (37) (38) 40) . The deletion of ompC in E. coli isolated from Crohn's disease was shown to decrease adherence and the ability to invade intestinal cells (29, 30) . OmpC is also characterized as a lactoferrin binding protein (13, 31) . Recently, it has been shown that the loss of OmpK36 in Klebsiella pneumoniae leads to increased resistance to antibiotics and susceptibility to neutrophil phagocytosis (9) . The aims of this study were to characterize the role of OmpC in antimicrobial resistance and bacterial virulence in E. coli. We show that the loss of OmpC not only increases resistance to carbapenems and 4th-generation cephalosporins, but also increases survival in human serum by escaping the OmpC-specific antibodydependent classical complement activation pathway.
MATERIALS AND METHODS
Ethics statement. The animals for antibody generation were raised and cared for according to the guidelines set up by the National Science Council, Taiwan. The protocol adhered to the rules of the Animal Protection Act of Taiwan and was approved by the Institutional Animal Care and Use Committee (IACUC) of National Cheng Kung University (IACUC approval no. 100048). All surgery was performed under chloral hydrate anesthesia, and all efforts were made to minimize suffering.
The clinical isolates of bacteria in this study were collected from patients as part of routing diagnostic screening by the Department of Pathology, National Cheng Kung University Hospital. The blood samples were obtained from healthy volunteers. This study was approved by the Institutional Biosafety Committee and the Institutional Ethics Committee of the College of Medicine, National Cheng Kung University and National Cheng Kung University Hospital, Tainan, Taiwan. Informed consent was obtained from healthy volunteers according to the relevant guidelines of the Ethics Committee (no. ER-98-143). Based on the retrospective strain collection, participants did not need to give consent according to the evaluation of the Ethics Committee (no. ER-99-330).
Bacterial strains. E. coli 2837-2/05, producing the CMY-2 AmpC enzyme and TEM-1 narrow-spectrum ␤-lactamase, was isolated from an intra-abdominal drainage culture (23) . This strain expressed only OmpA and OmpC, without OmpF, and was used for mutant construction and protein expression. E. coli JM110 and BL21 were used for the construction and expression of His 6 -tagged OmpC protein. E. coli was grown in LuriaBertani (LB) broth with agitation at 37°C. When necessary, the antibiotics kanamycin (50 g/ml) and chloramphenicol (20 g/ml) were used for selection.
Construction of an ompC isogenic mutant and a complemented strain. The ompC deletion mutant was constructed by allelic exchange mutagenesis (22) . The oligonucleotide primers used for construction are listed in Table 1 . The promoter region (800 bp) of ompC (accession no. EU372012) was amplified with primers com_ompC-2 (HindIII) and dpompC (SspIϩStuI) and cloned into pUC18 to generate plasmid pMW618. The 800-bp fragment, including the 170-bp ompC coding region and the 630-bp downstream region of ompC, was amplified by primers dsompC (XbaI) and dsompC (SspIϩStuI) and cloned into plasmid pMW618 to generate plasmid pMW619. For replacement of the ompC coding region, a chloramphenicol cassette (Cm) (807 bp) was cloned into the plasmid pMW619 digested with StuI, which generated plasmid pMW620. Finally, the 2.4-kb fragment, including the ompC promoter, Cm, and ompC downstream region, was amplified with primers com_ompC-2 (XbaI) and dsompC (XbaI) and subcloned into the temperature-sensitive plasmid pKO3 digested with XbaI to generate the ompC replacement plasmid pMW621. The plasmid pMW621 was introduced into E. coli 2837-2/05 by electroporation and counterselected with 5% sucrose. Finally, the ompC gene was replaced with Cm, and the strain was named SW307 and confirmed by Southern blotting. PCR also confirmed that the ompC gene of SW307 was removed from the chromosome (data not shown).
The complementing plasmid pMW617 was constructed with wildtype ompC, including its promoter and the coding region, amplified with primers com_ompC-1 (StuI) and com_ompC-2 (StuI), in plasmid pACAC177 (New England BioLabs, Beverly, MA) and transformed into SW307 to generate a complemented strain, SW308. The expression of OmpC was demonstrated by Western blotting in 2837-2/05 and SW308, whereas SW307 failed to express the OmpC protein (data not shown).
Outer membrane protein analysis. OMPs were prepared as described previously and separated by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis (SDS-PAGE) with 4 M urea (23) . The gels were stained with 0.1% Coomassie blue.
Antimicrobial susceptibility testing. The susceptibilities of various antimicrobial agents were determined by using Etest strips (AB Biodisk, Solna, Sweden) with interpretation according to the Clinical and Laboratory Standards Institute guidelines (10) .
Expression and purification of the recombinant OmpC protein and generation of polyclonal antibody. The full-length ompC gene (1,095 bp) was generated from the genomic DNA of wild-type 2837-2/05 with primers rfOmpC-1 (BamHI) and rfOmpC-2 (XhoI) (the sequences are shown in Table 1 ) and cloned into plasmid pET30b (Invitrogen, Cergy-Pontoise, France). The expression of the His 6 -tagged OmpC protein in E. coli BL21 was under induction with 0.3 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) at 16°C for 16 h. The purification of His 6 -tagged OmpC protein was done following the instructions of GE Amersham for Ni 2ϩ affinity chromatography, with buffer containing 8 M urea to avoid protein aggregation. The recombinant OmpC protein (rOmpC) was dialyzed with phosphate-buffered saline (PBS) containing 6 M urea and concentrated by using an ultrafiltration cell (Amicon Corp., Lexington, MA) with a 10-kDa membrane. BALB/c mice were used for generation of OmpC polyclonal antibody by standard protocols. The protein rOmpC was directly recovered from SDS-10% PAGE gels and injected into mice subcutaneously, followed by 2 boosters every 7 days. Immune sera were collected 7 days after the second boost, and the titer of anti-OmpC was measured by enzyme-linked immunosorbent assay (ELISA) to rOmpC.
Bactericidal assay. Blood from healthy volunteers was collected fresh with heparin as an anticoagulant, and normal human serum was stored at Ϫ80°C. Heat-inactivated serum was made by treatment at 56°C for 30 min to inactivate the complement activity. The human serum, including heat-inactivated serum, was diluted to 60% with sterile PBS. A bactericidal assay was performed with whole blood, serum, and heat-inactivated serum. Briefly, mid-to late-logarithmic-phase E. coli (1.2 ϫ 10 6 CFU) was incubated with whole blood, 60% serum, or 60% heat-inactivated serum at 37°C for 1 h. The survival rate was determined by a plate count and calculated as the ratio of surviving CFU after treatment to the initial number of CFU.
For the competition assay, the 60% serum was preincubated with different concentrations of rOmpC or goat anti-human C1q polyclonal antibody (Calbiochem, La Jolla, CA) at 37°C for 30 min, followed by the bactericidal assay. The rOmpC was added to final concentrations of 6.1, 30.5, 152.7, and 458 g/ml. The goat anti-human C1q polyclonal antibody was diluted with PBS 2-, 5-, or 50-fold and added at 1/15 of the total volume.
Natural selection of E. coli with ompC mutated. E. coli 2837-2/05 was cultured in LB broth overnight and subcultured 1:50 into fresh LB broth. E. coli (mid-to late logarithmic phase; 10 7 CFU) was plated onto a Mueller-Hinton agar plate containing imipenem (3.2 g/ml) and cultured at 37°C overnight. The colonies were maintained in Mueller-Hinton agar plates containing imipenem (3.2 g/ml). The selected colonies were further checked by antimicrobial susceptibility testing, OMP profiles, ompC genotype (23), and bactericidal assay.
Inhibition of the classical pathway by human IgG cleavage. The IdeS protein of Streptococcus pyogenes was chosen as a potential inhibitor of the classical pathway, as it cleaves human IgG specifically (1, 16, 17) . After treatment with IdeS, human IgG is digested into one F(ab=) 2 fragment and two Fc fragments of the heavy chain, and initiation of the classical pathway is blocked. Briefly, the serum was pretreated with IdeS (2 g/20 l 60% serum) at 37°C for 2 h to partially cleave the IgG, and the treated serum was used for the bactericidal assay.
Inhibition of the alternative pathway. The alternative pathway has been shown to be inhibited by the absorption of properdin with bentonite (15, 35) . Bentonite (10 mg) was washed with sterile PBS three times and incubated with serum (1 ml) at 37°C for 10 min. The serum treated with bentonite was separated by centrifugation and filter sterilized.
Ligand overlay assay. The ligand overlay assay was used to assess the interaction between the molecules in human serum and E. coli. Based on the method of Alberti et al. (2), with modifications, the binding of C1q to any E. coli cell protein was detected by incubation with serum as a source of C1q and then detection with anti-C1q antibody. Briefly, the overnight culture of E. coli was washed with PBS twice and resuspended with PBS to the same volume. One milliliter of E. coli suspension was centrifuged at 6,000 rpm for 5 min and then concentrated in 100 l of PBS and stored at Ϫ20°C. The frozen suspension was thawed at 4°C as the E. coli lysate, and the protein concentration of the lysate was determined with a Bio-Rad (Hercules, CA) protein assay kit. Each sample (3.5 g/10 l total protein) was boiled for 10 min in 10 l 4ϫ protein sample buffer (0.25 M Tris-HCl (23), and transferred to a polyvinylidene difluoride (PVDF) membrane. After blocking with 1% bovine serum albumin at 4°C overnight, the membrane was incubated with human serum (100-fold dilution with PBS) at 37°C for 10 min, goat anti-human C1q polyclonal antibody (1,000-fold dilution with PBS) at 37°C for 1 h, and horseradish peroxidase (HRP)-conjugated donkey anti-goat antibody (10,000-fold dilution with PBS; Santa Cruz, CA) as a secondary antibody at room temperature for 1 h. Finally, the membrane was visualized with Super Signal chemiluminescent substrate (Thermo Fisher Scientific Inc., IL) and imaged with a LAS3000 imaging system (Fuji Photo Film, Tokyo, Japan).
To test the antibody dependence of C1q binding to E. coli lysate, the ligand overlay was slightly modified by using IgG-depleted human serum. For IgG-depleted serum treatment, human serum diluted 100-fold was passed through HiTrap Protein A HP (GE Healthcare, Uppsala, Sweden) twice. The treated serum from the HiTrap Protein A HP was checked with a 12% SDS-PAGE gel to confirm the loss of IgG patterns.
Binding of C1q to E. coli. The binding of C1q protein was analyzed by the method of Wooster et al. with modifications (40) . Briefly, E. coli (1 ϫ 10 7 CFU) was incubated with 5 g purified human C1q protein (1.0 mg/ml; Complement Technology, Inc., TX) for 0.5 or 1 h at 37°C. After gentle incubation, the sample was washed three times with PBS by pelleting at 12,000 rpm for 5 min. Then, the pellet was resuspended in 15 l PBS and boiled for 10 min in 15 l 4ϫ protein sample buffer before analysis. The 10-l sample mixture was separated by 12% SDS-PAGE, and the C1q signal was detected by Western blot analysis.
Serological analysis of OmpC antibody. The titers of human antiOmpC IgG and IgM antibodies were measured by an ELISA using rOmpC-coated plates and detected with goat anti-human IgG and goat anti-human IgM, respectively, as secondary antibodies (Chemicon International, Temecula, CA). The specificity of human anti-OmpC antibody was also analyzed by Western blot analysis, with incubation of diluted human serum on membranes with bound E. coli lysate, and detected with goat anti-human IgG.
Statistical analysis. Student's t test was used to determinant the difference in bactericidal killing of E. coli strains. Each experiment was repeated independently at least 3 times. A P value of less than 0.05 was considered statistically significant.
RESULTS
Bacterial growth rate and OMP profiles. The growth rates (Fig.  1A) of the wild-type (2837-2/05), ompC mutant (SW307), and complemented (SW308) strains showed similar patterns (Fig.  1A) . The OMP profile of SW307 showed the expression of OmpA, but not OmpC, whereas the wild-type strain 2837-2/05 and strain SW308 expressed OmpA and OmpC (Fig. 1B) . All strains lacked OmpF expression.
Effect of OmpC on antimicrobial susceptibility. Nine antimicrobial agents were used to determine the effect of OmpC on antimicrobial susceptibility. The results showed that 2837-2/05 was a multidrug-resistant E. coli strain susceptible only to imipenem, meropenem, and cefipime (Table 2) . However, the ompC mutant, SW307, showed Ն32 g/ml MICs of imipenem, meropenem, ertapenem, and cefipime. SW308 showed MIC results similar to those of 2837-2/05. No effects on the susceptibilities to ceftazidime, cefotaxime, aztreonam, gentamicin, and ciprofloxacin were found among 2837-2/05, mutant (SW307), and complementary (SW308) strains.
Role of OmpC in human bactericidal activity. To demonstrate the role of OmpC in human bactericidal activity, E. coli was incubated with human whole blood, 60% serum, or complementinactivated serum at 37°C for 1 h, followed by plate counts. In Fig.  2 , the survival rates of 2837-2/05 and SW307 were significantly different in whole blood and serum. When E. coli was incubated with whole blood or serum, SW307 was 5-to 9-fold more resistant than 2837-2/05 ( Fig. 2A and B) , whereas no significant difference was found between 2837-2/05 and SW307 after incubation in heat-inactivated serum (Fig. 2C) . Strain SW308 also showed the same scenario as the wild-type strain. The results of the bactericidal assay were similar when E. coli was incubated in whole blood or serum for 30 min (data not shown). No difference in ability to adhere to human polymorphonuclear leukocytes (PMNs) was observed between the wild type and SW307 (data not shown). These results suggested that OmpC is involved in complement-mediated serum killing of E. coli. Another clinical isolate, E. coli 2837-1/05, lacking expression of OmpC and resistant to carbapenems (23), also resisted bactericidal activity (data not shown). In addition, an ompC mutant was generated from a clinical isolate derived from blood and also showed OmpC-dependent bactericidal activity (data not shown). This indicated that the lack of OmpC leading to antibiotic and serum resistance was not strain dependent. Effects of naturally selective OmpC mutants on antimicrobial susceptibility and bactericidal activity. To further support the biological relevance of the loss of OmpC to antibiotic resistance and serum survival, an in vitro experiment was used to select E. coli isolates with mutated OmpC from imipenem-containing medium. Strains NP3 and NP6 were selected, and both strains showed reduced susceptibility to carbapenems and cefipime, like SW307 ( Table 3 ). The sequence results also showed a truncation in the ompC coding region. In addition, strains NP3 and NP6 had bactericidal activities similar to that of SW307 (Fig. 3) . These results demonstrated that ompC mutants can be selected under antibiotic pressure and showed both antibiotic and serum resistance.
OmpC-mediated antibody-dependent classical pathway. To investigate which complement pathway was involved in the OmpC-mediated bactericidal effect, the classical pathway was analyzed with the IgG cleavage protein, IdeS, while the role of the alternative pathway was further identified with the inhibitor bentonite. When serum was pretreated with IdeS, the survival of E. coli 2837-2/05 and SW308 was 4-fold increased, which was similar to the level of SW307. Only SW307 showed similar survival with or without IgG cleavage (Fig. 4A ). This effect was also shown in 2837-1/05 (data not shown). These data suggested that OmpC is involved in the antibody-dependent bactericidal activity.
To identify whether the alternative pathway was also involved in OmpC-mediated serum bactericidal ability, bentonite was used to treat human serum. With the inhibition by bentonite of human serum, the viability of strains 2837-2/05, SW307, and SW308 increased 1.5-fold (Fig. 4B) . Although the survival of E. coli was increased by the inhibition of the alternative pathway, there was no significant difference regardless of the strain's OmpC expression. These data suggested that the antibody-dependent classical pathway is the major mechanism in the OmpC-mediated bactericidal effect but that other molecular targets of E. coli maybe involved in the alternative pathway.
FIG 2
Bactericidal activity of human blood and serum on E. coli. E. coli was incubated with human whole blood (A), 60% serum (B), or complementinactivated serum (heated to 56°C) (C) at 37°C for 1 h. The viable bacteria were determined by plate count after serial dilution. (A and B) Relative fold survival is shown by normalization of the survival rates of SW307 and SW308 to that of 2837-2/05 for each independent experiment. The results are aggregates of more than three independent experiments, and the error bars represent the standard errors of the mean. **, P Ͻ 0.05. 
FIG 3 Bactericidal activity of human serum on ompC-selected mutants. E. coli
was incubated with 60% serum at 37°C for 1 h. The viable bacteria were determined by plate count after serial dilution. Relative fold survival is shown by normalization of the survival rates of SW307, SW308, NP3, and NP6 to that of 2837-2/05 for each independent experiment. The results are aggregates of more than three independent experiments, and the error bars represent the standard errors of the mean. **, P Ͻ 0.05, comparing 2837-2/05 and SW308.
C1q binds to E. coli OmpC in an antibody-dependent manner.
The result of IdeS pretreatment demonstrated the importance of the antibody-dependent classical pathway. To determine whether OmpC was involved in the activation of the classical pathway, a ligand overlay assay was used to determine the binding of C1q and anti-OmpC antibody in human serum to E. coli cell lysate. The results showed that there was a visible C1q signal at about 40 kDa in cell lysates from 2837-2/05 and SW308, but not from SW307 (Fig. 5A, lanes 1 and 3) . The same size band in E. coli cell lysate was also detected by the anti-OmpC antibody, but not from the SW307 mutant strain (Fig. 5B, lanes 1 and 3) . These results suggested that OmpC was the major antigen interacting with antibody and then binding C1q from human serum.
To determine whether the interaction of C1q and OmpC was mediated by anti-OmpC antibody, a ligand overlay assay was performed with IgG depletion. The results showed a decreased interaction of C1q and OmpC in the ligand overlay assay after protein A pretreatment compared to normal serum ( Fig. 5A and C) .
In addition to the antibody-dependent classical pathway, the binding level of purified human C1q to E. coli directly was also investigated to assess the antibody-independent classical pathway. The results showed that the accumulation of C1q on E. coli increased from 0.5 to 1 h. However, the C1q binding level was no different among 2837-2/05, SW307, and SW308 (Fig. 5D ), suggesting that OmpC is not a major binding site for C1q direct binding on E. coli. Moreover, the data also suggested that bactericidal activity mediated by IgG binding to OmpC could increase classical pathway activation, while direct binding of C1q to other molecules of bacteria may mediate a lower level of activation.
Role of the human anti-OmpC-specific antibody-mediated classical pathway in bactericidal activity. To determine whether human anti-OmpC antibody activated the classical pathway to kill OmpC-expressing E. coli, a competition assay with free rOmpC
FIG 4 Bactericidal activity of IgG-depleted (A) and bentonite-treated (B)
human serum on E. coli. (A) Human serum was pretreated with IdeS (2 g/20 l 60% serum) at 37°C for 2 h to cleave IgG. The normal or treated 60% human serum was incubated with E. coli at 37°C for 1 h. (B) Bentonite was used to pretreat human serum at 37°C for 30 min to remove properdin and page the activation of the alternative pathway. The normal or treated 60% human serum was incubated with E. coli at 37°C for 1 h. The viable bacteria were determined by plate count after serial dilution, and the results are shown as relative fold survival. The results are from more than three independent experiments, and the error bars represent the standard errors of the mean. **, P Ͻ 0.05. 7 and 9) . The binding ability of C1q protein was determined by Western blotting of the cell lysate. K. pneumoniae was used as the positive control for C1q binding ability. Lane 1, 100 ng C1q purified protein; lanes 2 and 5, 2837-2/05; lanes 3 and 6, SW307; lanes 4 and 7, SW308; lanes 8 and 9, K. pneumoniae. was used to neutralize the human anti-OmpC antibody in human serum. As shown in Fig. 6A , the survival of 2837-2/05 and SW308 after 1 h of incubation with pretreated serum was significantly increased in a dose-dependent manner. When these strains were incubated in serum pretreated with a low dose of rOmpC (6 g/ ml), survival was nearly the same as in serum without pretreatment. There was no effect on the survival of SW307 under any dose of rOmpC.
To test this hypothesis another way, the effect of neutralization of C1q by anti-C1q antibody was used to determine the role of C1q in activating the classical pathway to clear OmpC-expressing E. coli. After 1 h of incubation of E. coli in serum pretreated with anti-C1q antibody, survival was increased significantly in a dosedependent manner in 2837-2 and SW308 (Fig. 6B) , whereas no significant difference was detected in SW307. Based on the results in Fig. 6 , it was demonstrated that the clearance of OmpC-expressing E. coli was mediated by the anti-OmpC antibody and the C1q-dependent classical pathway and that the ompC mutant survived by escaping this mechanism.
OmpC is a major immunogen. To determine whether human anti-OmpC antibody was present in serum, human antibody titers of IgG and IgM were determined by the ELISA method (Fig. 7) . Human anti-OmpC antibody was detected, and the titer of IgG was higher than that of IgM among all tested sera. The titer of anti-OmpC IgG varied among different individuals, whereas antiOmpC IgM was present in similar low titers among all tested sera. A Western blot also showed that IgG in human serum can target the OmpC in E. coli 2837-2/05 and SW308 (data not shown). This result suggested that OmpC in E. coli was a major immunogen generating the bactericidal antibody for the clearance of OmpCpositive E. coli.
DISCUSSION
Outer membrane proteins in Gram-negative bacteria are known as the channels for nutrients crossing the bacterial outer membrane and have decreased expression in antibiotic resistance (6, 7, 11, 24, 34) . In this study, we show that the loss of OmpC reduced susceptibility to carbapenems and 4th-generation cephalosporins in E. coli. Moreover, we demonstrated that OmpC of E. coli is a major immunogen inducing OmpC-specific antibody in human blood. The induced OmpC-specific antibody interacted with C1q to initiate the antibody-dependent classical pathway for the clearance of E. coli. To our knowledge, this is the first evidence that OmpC of E. coli is the target for the activation of the classical pathway, while loss of OmpC expression can allow E. coli to resist the bactericidal activity of human serum and also increase antibiotic resistance.
Several lines of evidence have shown that the outer membrane protein OmpA of E. coli can protect bacteria from bactericidal effects (28, 37, 38, 40) . The target of OmpA is a C4-binding protein, avoiding complement activation and escaping immune clearance (but not in the mutant). However, the effect of OmpC we show here is different. The ompC mutant had a higher survival rate in whole blood and serum by escaping the anti-OmpC antibody and the C1q-dependent classical pathway. The recent study also demonstrated that OmpC can be recognized by signaling lymphocyte activation molecule (SLAM), being the microbial sensor to regulate the phagosome in macrophages for bacterial killing (8) . It suggests that the loss of OmpC can promote survival of E. coli, including escaping the complement pathway and macrophage killing. Since the structures of OmpC and OmpF are similar, a cross-reaction of anti-OmpF antibody to OmpC may occur. However, based on Fig. 6 and strain character (without OmpF), this effect should be minor. As shown in Fig. 6A , the high concentration of rOmpC (458 g/ml) not only neutralized anti-OmpC antibody in serum, but also bound to some OmpC target proteins, such as lactoferrin (13, 31) , complement molecules, or unknown factors. This leads to a higher survival rate in the wild-type strain. In contrast, mutant (SW307) does not have OmpC to interact with the target proteins. Therefore, no dose-dependent effect was found.
An antibody-independent classical pathway through C1q has been demonstrated only by a 37-kDa porin of Salmonella enterica serovar Minnesota (20, 21) , OmpK36 of K. pneumoniae (2) (3) (4) , and a 40-kDa porin of Aeromonas salmonicida (26) . However, our results showed that direct C1q binding to E. coli was similar among all strains tested (Fig. 5D) , while OmpC was recognized by the anti-OmpC antibody and C1q to activate the classical pathway ( Fig. 5 and 6 ). These data suggest that the activation of the antibody-dependent classical pathway via anti-OmpC IgG to OmpC in E. coli is more efficient due to direct binding of C1q. Moreover, we cannot exclude the possibility that other mechanisms are also involved in this event, such as K antigen (12) , since there was a similar change in survival among all strains in the bentonite inhibition assay (Fig. 4B) .
As E. coli bacteria are exposed to humans, they can induce many kinds of anti-E. coli antibody. A high level of antibody against OmpC has been demonstrated in 37 to 55% of Crohn's disease patients and their families (25, 27, 30) . In Salmonella enterica serovar Typhi, OmpC is implicated in triggering strong, long-term IgG production in the antibody-mediated memory bactericidal response (32, 33) . In addition, OmpK36 in K. pneumoniae is the immunogen for DNA vaccine development (19) . Both porins share high similarity to E. coli OmpC protein. Our serological analysis was consistent with Salmonella and K. pneumoniae in that OmpC is the immunogen inducing an effective immune response for bactericidal ability in humans.
In Neisseria meningitidis serogroup B, a critical density of bactericidal antibodies and C1q needs to be reached in order to induce complement-mediated killing (39) . Like the OmpC-mediated bactericidal model shown in this study, this may be a useful strategy to defend against low-virulence E. coli in healthy people. Unlike OmpA, the variation in OmpC may be much higher than we thought. Our previous data showed a higher mutation rate of the ompC gene (truncated forms or insertion) in multidrug-resistant E. coli (23, 41) . We also found that the OmpC mutant can be detected from natural selection, and these mutants not only had similar carbapenems and cefepime resistance, but also had similar serum bactericidal activities ( Fig. 3 and Table 3 ). This suggests that E. coli can adapt to different environments, such as antibiotic pressure or infectious tropism, by losing the expression of OmpC. The emergency occurs when multidrug resistance in E. coli is combined with the loss of OmpC expression. This may lead to E. coli not only surviving in antibiotic, but also escaping the immune response. However, it is still unknown how environmental pressures select for E. coli to survive by losing the expression of OmpC.
In conclusion, this study demonstrated that the loss of OmpC in E. coli can promote not only antimicrobial resistance, but also serum resistance. It suggests that E. coli OmpC has dual functions in pathogenesis when it is lost. When infecting recurrently, E. coli may benefit from a "side effect" with loss of OmpC expression to resist the immune response. Thus, treatment may be more challenging for patients under antibiotic pressure and without effective serum killing.
